Introduction
according to the Centers for disease Control and prevention report on Arthritis and Quality of Life 2015, arthritis is one of the most common chronic conditions in american adults, afflicting approximately 1 in 5 people. 1 arthritis is caused by damaged or diseased articular cartilage in synovial joints, such as the knee, ankle, hip, shoulder, or wrist. Cartilage enables smooth frictionless moving of these joints because of its special viscoelastic biomechanical properties. this ability is impaired when the tissue is damaged. other than arthritis, conditions such as trauma, sports injury, or developmental issues can also cause damage to articular cartilage. the onset of cartilage damage results in ever-increasing pain and discomfort affecting the quality of life and ability to work. articular cartilage is an avascular, alymphatic, and aneural tissue with limited ability to repair and maintain itself in adults. at present, there is no cure for cartilage damage. it is generally managed using physical therapy, lifestyle changes, and analgesics. the limited self-healing capabilities of cartilage often result in surgical interventions to provide long-term healing to partial and full defect cartilage lesion sites. over the years, many types of treatments have evolved to treat cartilage damage. these include bone-marrow stimulation, autologous chondrocyte implantation, and the osteochondral autograft transfer system. 2, 3 Unfortunately, none of the available treatments have the potential to regenerate the biological composition and biomechanical properties of native cartilage, thereby providing long-term relief. 4, 5 tissue engineering has the potential to provide a cure using bio-engineered constructs that can replace damaged or diseased cartilage. it is recognized that the long-term solution to cartilage damage will be an engineered tissue that can substitute for the damaged tissue and take over its load-bearing function.
Cartilage
native hyaline cartilage tissue has a three-layered zonal structure comprised of a small amount (∼1-5%) of chondrocytes embedded in an extracellular matrix (eCM) (see Figure 1 .2 in Chapter 1). the eCM is composed of tissue fluid (∼70-80% of wet weight) and structural macromolecules: collagens (∼40-60% of dry weight), proteoglycans (∼25-35% of dry weight) and noncollagenous proteins and glycoproteins (∼15-20% of dry weight). 6 amongst the collagens, type ii is the most abundant (∼80%), while types iX and Xi occupy ∼15% of the total volume. the other collagen types (iii, Xii, Vi, etc.) are found in much smaller quantities (∼5%). 7, 8 proteoglycans are made of a hyaluronan filament protein core that is attached to multiple glycosaminoglycan (gag) chains. each unit of these gags has at least one negatively charged carboxylate and sulfate group. these long chains of negatively charged gag attract cations such as sodium and calcium. therefore, the typical sodium concentration inside cartilage tissue is higher (∼240-300 mM) than that of surrounding tissue fluid (∼145 mM). this ion concentration gradient is governed by the donnan osmotic effect (see Chapter 2). 9 ,10 tension created by donnan osmotic effect is responsible for 50% of cartilage tissue stiffness and is an indicator of cartilage health. Collagen is a charge-neutral macromolecule that forms a cross-linked fibril network inside the tissue. the orientation and composition of these fibers change along the depth of the tissue and provide mechanical stability to the tissue. the non-calcified cartilage tissue is divided into three zones: superficial zone (SZ; 10-20%), transitional zone (40-60%) and radial or deep zone (rZ; 20-30%) followed by a calcified zone that is partially mineralized cartilage (see Chapter 1) . this zone classification is determined according to the collagen fiber orientation. proteoglycans and collagen are interwoven throughout the tissue depth. Collagen fibers are parallel to the articular surface in the superficial zone and change their orientation from parallel to perpendicular as we move along the tissue depth. Chondrocytes change their shape, size, and orientation throughout the tissue depth. the amount of proteoglycans increases as we move along the tissue depth, from SZ to rZ. this ordered macromolecular arrangement is important for articular cartilage as a load-bearing tissue.
11 the water plays an important role in the lubricant properties of cartilage, and its content decreases along the tissue depth. oxygen concentration is also found to decrease through the tissue depth.
12,13
Cartilage Tissue Engineering
Cartilage tissue engineering has been an active field of research for the past three decades.
14 in order to create a cartilage-like tissue, tissue engineers employ various strategies that take advantage of the "tissue engineering principle". this includes utilizing a combination of cell sources (i.e. chondrocytes or multipotent stem cells), scaffolds (i.e. natural, synthetic, or hybrid polymers), growth factors [i.e. transforming growth factor (tgF)-β or insulin-like growth factor (igF)], and cell culture conditions (i.e. control of mechanical stimulation, stiffness, porosity, or oxygen tension) to generate a neocartilage tissue with major chondrogenic eCM proteins. [15] [16] [17] the major objective of cartilage tissue engineering has been to create a high yield of cartilage eCM right from the beginning after cell seeding. it is well-known that in order to produce a functional cartilage tissue, not only is the amount of generated matrix important, but so is the arrangement of these components within the tissue. this has proved to be more difficult than originally thought, and efforts are underway to achieve the compositional details of engineered cartilage tissue to mimic the native tissue.
Cells

Chondrocytes
Chondrocytes, the native cartilage cells, are the most efficient cell types for producing chondrogenic eCM, and therefore are the most desirable cell types for cartilage tissue engineering. Chondrocytes are spherical/ellipsoidal large cell types that produce rich cartilage eCM proteins under the right conditions, e.g. mechanical load, hypoxia, etc. 18 it has been shown that chondrocytes as scaffold-free pellets produce a large amount of proteoglycans and collagen, type ii. 19, 20 Chondrocytes do not maintain their spherical phenotypes over the course of tissue regeneration beyond 2-3 weeks. therefore, chondrocytes embedded in hydrogels such as alginate, gelatin, poly(ethylene glycol)-diacrylate (pegda) or other porous hydrogels are attractive choices for maintaining chondrogenic phenotype and improving eCM yield. 16, [21] [22] [23] it has been shown that chondrocytes seeded in alginate beads maintain their phenotype for up to 8 months. 22 
Stem Cells
despite success in producing chondrogenic eCM with chondrocytes, harvesting enough chondrocytes for expansion and differentiation is challenging because of the limited supply of these cells in natural tissue. therefore, multipotent mesenchymal stromal/stem cells have been tested and found to be successful in differentiating towards chondrogenic lineage. research has shown that bone marrow derived and adipose derived stem cells are capable of chondrogenic differentiation when grown as scaffold free pellets or when implanted in various scaffolds. 15, 21, [24] [25] [26] [27] [28] [29] [30] Co-culture of stem cells and chondrocytes has been found to increase the yield of chondrogenic eCM. 21, 31 
Scaffolds
Scaffolds provide a template for tissue growth and mechanical stability, and also support cell attachment, differentiation, and proliferation. therefore, they are widely used in cartilage tissue engineering and regeneration. 32, 33 in addition to providing mechanical stability, three-dimensional porous scaffolds provide upkeep of nutrient transport and waste disposal, two important cell functions. 28, 34, 35 Both natural and synthetic scaffolds have been used in cartilage tissue engineering. among the natural polymers, collagen, fibrin glue, agarose, alginate, hyaluronic acid, chitosan, and cellulose are some that have been shown to support chondrogenic differentiation of chondrocytes and stem cells. 29, 32, 36 ease of tuning mechanical properties, pore volume and surface characteristics encourage increasing use of synthetic and/or composite polymers. a few commonly used polymers are: poly(lactice-coglycolic acid) (pLga), poly(ethylene glycol) diacrylate (pegda), carbon nanotubes and fibers, dacron and teflon, and puraMatrix™ hydrogels. 33, 37 another common approach is to use biomimetic scaffolds containing chondrogenic eCM that have been shown to promote chondrogenic differentiation of stem cells or chondrocytes without the need of external growth factors. [37] [38] [39] [40] [41] extracellular matrix in cartilage provides a natural scaffold for chondrocytes, allowing decellularized tissues to be used as scaffolds to support and promote chondrogenesis differentiation of cells. 
Growth Factors and Growth Strategies
as stated above, one of the goals of cartilage tissue engineering is to produce chondrogenic eCM in an ample amount right after cell seeding at the beginning of tissue growth. this initial success is considered a benchmark for further in vivo evaluation of engineered cartilage. growth factors such as igF (insulin-like growth factor) and the tgF-β (transforming growth factor beta) family are found to be effective in promoting chondrogenic differentiation of chondrocytes and stem cells, and have thus become a standard in cartilage tissue engineering. 7 Several growth conditions have been tested and found to be effective for directing chondrogenic differentiation of chondrocytes or stem cells. Cartilage is an avascular tissue; therefore, it is hypoxic in nature. it has been shown that the hypoxic condition supports a higher yield of chondrogenic eCM of embryonic stem cells. 12, [43] [44] [45] Sox9 gene transfer and mechanical stimulation also have been shown to stimulate the chondrogenic differentiation of stem cells. 46 
Tissue Growth Assessment
Currently, when tissue-engineered cartilage is being evaluated, the production of proteoglycan and type-ii collagen is used as a biomarker for success. these eCM components are assessed using biochemical techniques that include quantitative gag and collagen assays, gene expression analyses using the quantitative real-time polymerase chain reaction, and histological staining. 16, 22, [47] [48] [49] the mechanical properties of neo-cartilage are typically assessed by confined or unconfined compression or micro/nano indentation. 23, 41, 50 When scaffolds are implanted in animals, they are removed at different time points and analyzed ex vivo.
a typical optimization loop of cartilage tissue engineering and regenerative medicine products is shown in Figure 20 .1. the tissue-engineered cartilage is first assessed in vitro using the methods described above to gauge the production of primary eCM molecules. once successful in vitro, the process moves to the next step of optimization, first using small animal models then large animal models, each with their own loop of longitudinal immunohistochemical characterization that varies from months to years. Unfortunately, most current characterization methods are destructive and do not have the potential to map the tissue functionality. therefore, non-invasive assessment techniques are essential for the success of cartilage tissue engineering. Magnetic resonance spectroscopy (MrS) and magnetic resonance imaging (Mri) are leading non-invasive assessment techniques for assessing the tissue growth and production of eCM in cartilage tissue engineering.
over the past few years, much progress has been made in the non-invasive MrS and Mri characterization of tissue-engineered cartilage.
51-61 the advantage of MrS/Mri techniques is that the techniques developed at preclinical stage can easily be adapted to clinics, as can be seen with current practices of cartilage assessment in clinics. 62, 63 
MRS and MRI in Cartilage Tissue Engineering
the use of MrS and Mri in assessing and monitoring cartilage regeneration is a growing field. the magnetic resonance signal arises from the nuclei that have both angular momentum and magnetic moment (nuclei with odd number of protons and/or neutrons) (see Chapter 3). table 20.1 lists some commonly nuclear magnetic resonance (nMr)/Mri active nuclei in biological systems in tissue-engineered cartilage. Water-suppressed 1 h nMr has been used to visualize the molecular structure of tissue-engineered cartilage. Carbon ( 13 C) nMr also has been used to find the signatures of various proteoglycans and collagen in tissue-engineered cartilage. Sodium ( 23 na) triple-quantum coherence has been used to assess the tissue anisotropy of different models of tissue-engineered cartilage.
Mri has both the best soft tissue contrast among the available medical imaging modalities and a very high spatial resolution (∼20 µm for in vitro and ∼100 µm for small animal applications). Mri provides three-dimensional maps of engineered tissues that are not available using other assessment techniques. Mri techniques provide real time tissue growth assessment, and will eventually remove or reduce the need for destructive immunohistochemical characterization of engineered cartilage. Water is the most abundant substance in human tissues; therefore, water proton ( 1 h) Mri is the most commonly used Mri modality for cartilage tissue engineering monitoring and assessment. the interaction of water protons with macromolecules provides a window into the biomechanical properties of engineered cartilage tissue. typical Mri characterization of engineered cartilage relies on changes in T 2 -weighted Mri images and changes in magnetic resonance parameters such as water relaxation times; spin-lattice relaxation time (T 1 ), spin-spin relaxation time (T 2 ), spin-lattice relaxation time in the rotating frame (T 1ρ ), and the apparent diffusion coefficient (adC) with tissue growth. 51 Sodium Mri also has been used to assess the gag amount in stem cell chondrogenesis in a hybrid scaffold system. 58 Carbon and phosphorous Mri also have the potential to shed light on cellular processes and tissue growth dynamics. however, their use in cartilage tissue engineering has not yet been established.
Magnetic Resonance Accessible Components of Tissue Engineered and Regenerating Cartilage
Assessment of Tissue Growth
Water Proton MRI
as stated, the water relaxation times (T 1, T 2 , and T 1ρ ), and adC are commonly used techniques for visualizing and assessing natural cartilage. Figure 20 .2 shows high-resolution T 1 , T 2 , T 1ρ and adC Mri maps of bovine cartilage at 11.7 t and their correlation with the amount of proteoglycans along the depth of the tissue. 64 as shown in the figure, the T 1 , T 1ρ , and adC are highly correlated with the amount of proteoglycans present in the tissue along the depth, whereas T 2 has a poor correlation with the amount of proteoglycans. it is known that T 2 values in cartilage are influenced by the amount and orientation of collagen in cartilage. 64, 65 these relationships, of magnetic resonance parameters with the eCM, prompted a number of Mri studies in cartilage tissue engineering in order to determine a similar relationship between magnetic resonance parameters and the eCM of neocartilage. 55, 66, 67 initial work to correlate magnetic resonance parameters and the eCM of engineered cartilage were established on chondrocyte-based cartilage tissue engineering, i.e. chondrocytes grown as scaffold-free pellets or chondrocytes embedded in a natural or synthetic hydrogel. Both of these cartilage tissue-engineering models produce a large amount of proteoglycans and collagen, type ii. 17, 18, 68 the water relaxation times T 1 , T 2 , T 1ρ , and adC have been shown to decrease with increasing amount of eCM in tissue-engineered cartilage. 55, 61, 69, 70 an example of such correlation is given in Figure 20 .3. in this study, chondrocytes were grown as pellets in chondrogenic growth media for three weeks. at each time point (days 3, 7, 14 and 21), three pellets were removed from the media and Mri experiments were performed on them. the samples were placed on top of agar gel to achieve the sample position in the center of the radiofrequency coil. the magnetic resonance parameters are found to be in good correlation with both proteoglycans and collagen. 69, 70 however, the magnetic resonance parameters are not specific to any in another experiment, we tested the sensitivity of adC in assessing tissue growth. Bovine chondrocytes were seeded in alginate beads with different cell densities (1, 2 and 4 million cells mL −1 ) and subjected to chondrogenic differentiation. the adC of beads along with acellular control was measured for 4 weeks. the vitamin co-factor (ascorbic acid) added to stimulate the growth of collagen, type ii for chondrocytes seeded in alginate beads. 61 here nadC refer to the adC of chondrogenic alginate beads compared to the acellular alginate beads subjected to the same culture conditions. it is interesting to note that nadC can differentiate the tissue growth between the groups with and without ascorbic acid as well as from low to high cell seeding density. another interesting fact is that the percentage change in eCM amount from week 1 to week 4 is higher for low cell seeding density.
the correlation between magnetic resonance parameters and increased tissue-engineered matrix is well established in chondrocyte-based cartilage tissue engineering, as shown in Figure 20 .3. however, in cases when eCM yield is low and there is also a significant contribution of scaffold in magnetic resonance parameters, this relationship is not obvious. this is a common scenario in stem cells and scaffold-based tissue engineering. in such cases, the magnetic resonance parameters do not seem to change with growing matrix, as observed in our recent works of chondrogenesis of stem cells. 60 here, the scaffold contribution dominated the magnetic resonance parameters. if we assume that there is no cross-correlation between different contributions arising from eCM, cells, and scaffold, then the relaxation rates are additive and contributions of different components to the relaxation rate can be separated out using the simple algebraic equation as shown below:
where R x = 1/T x , x = 1 or 2. Figure 20 .5 shows the stem cell chondrogenic matrix assessment for 4 weeks of growth using Mri. as shown in the figure, once the scaffold contribution is removed, both mean T 1 and T 2 are correlated with the mean amount of the gag to dna ratio (gag/dna); here the pearson correlation coefficient was calculated as 0.98 and 0.62, respectively. We have shown recently that this biomaterial filtering method can also be used to observe chondrogenesis in vivo. 38 
Assessment of Tissue Anisotropy and Dynamics
engineered cartilage tissue morphology is often different from the native cartilage tissue because of different growth pathways. the natural tissue has long and oriented collagen fibers in large quantities, and proteoglycans, trapped in the collagen network, in a smaller quantity. in contrast, engineered tissues may have a higher cell density, an elevated proteoglycan amount, and short collagen fibers with random orientation owing to a small growth time of few weeks to few months. 52 this may also be due to lack of directed mechanical loading; however, we are not aware of any research that shows that mechanical loading produces long and oriented collagen fibers compared to non-mechanical settings of tissue culture. in addition, engineered tissue also possesses a biocompatible scaffold specifically chosen to provide the right growth environment for cells and for mechanical support. this results in variable tissue morphology, as shown in Figure 20 .6. the correct assessment of tissue anisotropy and the macromolecular environment is therefore an important predictor of the tissue's functional properties.
Proton NMR Spectroscopy
nMr spectroscopic studies have contributed significantly to our understanding of the complex macromolecular structure and dynamics of cartilage tissue.
71-75 the mobility of macromolecules, i.e. collagen fibers and proteoglycans, plays an important role in the load-bearing functional properties of cartilage. Using 13 C magic angle spinning nMr relaxation, huster et al. studied the mobility of chondroitin sulfate and collagen in bovine nasal cartilage and concluded that proteoglycans in cartilage are relatively flexible in a rigid collagen network. 76 this is also evident from the 1 h nMr of bovine cartilage tissue showing a sharp N-acetyl peak coming from proteoglycans at 2 ppm. 77 these pellets had a high yield of proteoglycans and collagen, as presented in Figure 20 .3b. note that when compared to natural tissue, the N-acetyl resonance at 2 ppm in these engineered tissues is broad or non-existent (Figure 20.7) . 75 this is surprising, given the higher production of proteoglycans compared to collagen in chondrocyte pellets, as shown in Figure 20 .3b. We suspect that this broad resonance might be due to non-mobile gag chains. our nMr studies of engineered cartilage ( Figure  20.7) show that engineered tissues have a different morphology from that of native tissue. Further investigations of the mobility of these macromolecules in a controlled study will provide us with an insight into the tissue architecture of neocartilage at the early stage. this early-stage morphology of engineered tissue is expected to guide ultimate functional properties of engineered cartilage.
Sodium TQ NMR
Quadrupolar spin probes such as sodium with spin 3/2 possess an electric quadrupole moment (Q). the Q interacts with local electric field gradients (eFg) at the site of the nucleus, making it extremely sensitive to the local environment. in isotropic solution, the average interaction between Q and eFg is Schematic diagram showing gross morphological differences between natural and tissue-engineered cartilage. the natural cartilage has a small number of chondrocytes (∼1%), long and oriented collagen type ii fibers (∼20%), and a small number of proteoglycans (pgs; ∼5%). in contrast, tissue-engineered cartilage may have a higher number of cells, both chondrocytes and stem cells, short and random oriented collagen fibers, and may have an elevated amount of proteoglycans. in addition, tissue-engineered cartilage also has a scaffold that is chosen for its biomechanical properties. (Figure adapted from ref. 60.) zero; however, in an anisotropic or ordered environment the eFg at the nucleus is non-zero. in such cases, a residual quadrupolar coupling can be observed through the multiple-quantum coherence nMr signal (see also Chapter 9). here, the relaxation time is biexponential with one short (T f ) and one long (T s ) component owing to the satellite (±3/2 ↔ ±1/2) and central transitions (−1/2 ↔ +1/2). the triple-quantum coherence signal can be written as:
e 2e e e 2e e 80
where R f (=1/T f ) and R s (=1/T s ) are the fast and slow decaying components of transverse relaxation rate and ω Q is the residual average quadrupolar coupling. the average quadrupolar coupling, ω Q , is zero in an isotropic environment and ≈2-3 khz in natural cartilage. 52, 78 Figure 20 .8 shows an example of triple-quantum coherence signal for three different engineered cartilage tissues and their best fit using eqn (20.2) . Using the calculated fast and the slow relaxation times, the motional averaging parameter ω 0 τ c can be calculated thus:
where ω 0 is the Larmor frequency for sodium ions and τ c is rotational correlation time that represents how fast or slow sodium ions can tumble depending h nuclear magnetic resonance (nMr) spectra of tissue-engineered cartilage at 9.4 t at the end of the 4 week culture period. the production of proteoglycans and collagen were independently confirmed using safranin o staining and Fourier transform infrared imaging. (b) Water-suppressed 1 h nMr spectra of 4 weeks of growth of chondrocyte pellets. the production of proteoglycans and collagen was confirmed using biochemical assays as shown in Figure  20.3(b) . note the missing N-acetyl peak at 2 ppm, even though the amount of proteoglycan was higher than collagen. upon its environment. the correlation time, τ c , is a measure of eCM composition in the cartilage tissue, since the internal structure of the tissue defines the molecular motion in the tissue. together, the motional averaging parameter, ω 0 τ c , and average quadrupolar coupling, ω Q , provide information about dynamics and tissue anisotropy.
We applied sodium triple-quantum (tQ) coherence nMr spectroscopy to study the dynamics and anisotropy in tissue-engineered cartilage. 52 three different types of tissue-engineered constructs were studied: chondrocyte pellets, chondrocytes seeded in alginate beads, and human marrow stromal cells seeded in eCM-integrated biomimetic scaffolds. as shown in table 20.2 and Figure 20 .8, the main findings of this study were: (1) smaller values of τ c and ω Q , indicating faster sodium motion and reduced tissue anisotropy in engineered cartilage compared to native cartilage tissue, and (2) the tQ coherence build-up curves in engineered cartilage were strongly influenced by the environment. the reduced anisotropy is a direct result of random orientation and short collagen fibers in engineered cartilage in contrast to the well organized long collagen fibers in natural cartilage. the fast sodium ion motion could mean that there is significantly less binding between proteoglycans and sodium ions in engineered cartilage. this may be the result of the dense packing of proteoglycans and collagen in engineered cartilage. the electrostatic interaction between positively charged ions such as sodium, and negatively charged proteoglycans is responsible for 50% of the tissue's equilibrium compressive stiffness and is an important component in the special viscoelastic properties of cartilage. 9 the long and oriented collagen fibers provide the necessary structural and mechanical support for the load-bearing viscoelastic functional properties of cartilage. therefore, we call τ c and ω Q "functional assessment parameters". the extent of deviation of these functional assessment parameters from native cartilage parameters can be termed as the lack of functionality (or lack of load-bearing capabilities) of tissue-engineered cartilage. these results show that the choice of scaffold dictates the composition of emerging eCM in engineered tissues and, ultimately, also influences the functional assessment parameters.
the question we ask is this: can this information be integrated into the outcome prediction in cartilage tissue engineering? Such information is not currently a part of the routine assessment of engineered cartilage tissues, but could become an important tool for crafting functional engineered cartilage.
Diffusion Tensor Imaging
Mean diffusivity (Md) and fractional anisotropy (Fa) derived from diffusion tensor imaging (dti) can provide information about nutrient transport and tissue anisotropy in tissue-engineered cartilage. in an experiment, where dti experiments were performed on both chondrogenic constructs (n = 3) and corresponding acellular constructs (n = 3) after 4 weeks of tissue growth, we found that while the Md reduced slightly in chondrogenic constructs as a sign of tissue growth, the Fa remained low and almost unchanged during the growth period. these results, presented in table 20.3 are in agreement with our sodium tQ results, showing lower anisotropy in tissue-engineered cartilage. the advantage of the dti experiment in assessing tissue anisotropy is the high available water content in engineered tissues, and thus a high signal-to-noise ratio in images. however, dti images suffer from partial volume effects in Mri acquisition as well as lack of calibration for assigning the correct Fa to the tissue component of engineered tissues.
Assessment of GAG Amount
Sodium MRI
in previous sections, we explained that water relaxation times and adC parameters provide the first assessment of tissue growth in engineered cartilage. this is an important first step in tissue assessment; however, water magnetic resonance parameters in tissue-engineered cartilage are nonspecific and can be influenced by a number of factors within the tissue continuum, such as the interaction of water with cell density, choice of scaffold, amount of both proteoglycans and collagen, ratio of free to bound water, and cross relaxation. therefore, development of eCM-specific magnetic resonance techniques for quantitative assessment is of high importance. Sodium ions bind to negatively charged proteoglycans in cartilage tissue, therefore sodium Mri has been used extensively to assess cartilage integrity and to quantify proteoglycan loss in the case of osteoarthritis. 10,80-82 however, its use for the evaluation of tissue-engineered cartilage is still in its infancy. For the first time, our group has demonstrated that sodium Mri can be used for assessing the amount of gag in a tissue-engineered cartilage. 58 the difference between natural and engineered cartilage tissue assessment using sodium Mri is noteworthy and should be taken into account when generalizing this method. healthy natural cartilage has a high gag level (∼40-70 mg mL −1 ), whereas typical gag production in the early stages of growth in engineered cartilage is smaller by at least two orders of magnitude.
10,81 therefore, the fixed charge density (FCd) for engineered cartilage may be smaller by two orders of magnitude in early stages when compared to natural tissue. in addition, depending upon the choice of growth strategy, scaffold and cells with low sodium concentration can reduce the final signal strength. Figure  20 .9 shows an example of sodium Mri assessment using these strategies. Mean diffusivity (Md) and fractional anisotropy (Fa) of chondrogenic constructs and acellular control scaffolds. the chondrogenic constructs were prepared by seeding human marrow derived stromal cells in pLga-puramatrix™ hydrogel similar to that shown in Figure 20 .6. one side of the constructs was more porous while the other side was less porous for their subsequent use in osteochondral tissue engineering. average number of voxels in these groups was 1270 ± 156. as shown in the figure, the FCd derived from the sodium Mri is highly correlated with the FCd derived from the gag assay after taking into account the volumes occupied by scaffolds and cells within the Mri voxel. 58 
Future Directions
Magnetic resonance in cartilage tissue engineering has come a long way and has shown promise to provide a universal assessment of engineered cartilage tissue growth. this includes an assessment of tissue matrix, tissue anisotropy, and gag all non-invasively and in real time. the future of the magnetic resonance assessment of tissue-engineered cartilage looks promising and a few clear directions can be thought out.
New Biomaterials
new biomaterials offer the advantages of close tuning of mechanical properties of engineered tissues. Magnetic resonance techniques need to keep up with the pace with which new materials are invented and introduced for cartilage tissue engineering research. a national database of magnetic resonance properties (spectra, relaxation times, and water diffusion coefficients) will expedite the application of magnetic resonance in cartilage tissue engineering in clinics.
Magnetic Resonance Standards
Current methods of predicting tissue growth using Mri rely on the use of water magnetic resonance relaxation times (T 1 and T 2 ) and adC; however, the range of change in these parameters is ambiguous and depends on the choice of tissue growth strategies as well as experiment protocols. it is found that for chondrocyte-based and scaffold-free cartilage tissue engineering, these parameters fall monotonically with the production of proteoglycans and collagen; however, the change is diminutive in the case of stem-cell and scaffold-based cartilage tissue engineering. therefore, there is a strong need to develop standards to define and assign cartilage tissue growth using Mri. this initiative and an american Society for testing and Materials standard (aStM) document for the preclinical assessment of engineered cartilage tissue using Mri is under development.
ECM-Specific Techniques
the first measure of success for cartilage tissue engineering is the high yield of two major eCM macromolecules; proteoglycans and collagen, type ii. non-invasive assessment of these eCM components is the major goal of Mri. in Section 20.5.3, we showed that sodium Mri-derived FCd is in close agreement with FCd derived from gag assays. Sodium Mri offers an unambiguous assessment; however, its low signal-to-noise ratio is a challenge. a water Mri-based technique such as gag-based chemical exchange saturation transfer (gag-CeSt) offers a strong alternative and should be investigated further. 83 
Summary
in this chapter, we have shown that several magnetic resonance techniques offer evaluation of stem cell and chondrocyte differentiation towards chondrogenic lineage with and without the presence of scaffolds. Using these techniques, we can assess the tissue growth, tissue anisotropy and the gag produced. these techniques offer hope that we will not need destructive assessment techniques in the future and a promise that MrS and Mri have the capabilities of providing functional assessment both in vitro and in vivo.
Further work is needed in standardizing these techniques across various tissue growth strategies, magnetic field strength, choice of experimental protocols, and various animal models that are currently used for the investigation of cartilage tissue engineering and regeneration.
